Unusual decimeter-scale structures occur in the sediment-hosted Black Butte Copper Mine Project deposit within lower Mesoproterozoic strata of the Belt Supergroup, Montana. These low domal and stratiform lenses are made up of millimeter-scale, hollow or mineral-filled tubes bounded by pyrite walls. X-ray micro-computed tomography (micro-CT) shows that the tube structures are similar to the porous fabric of modern diffuse hydrothermal vents, and they do not resemble textures associated with the mineralization of known microbial communities. We determined the sulfur isotopic composition of sulfide minerals with in situ secondary ion mass spectrometry (SIMS) and of texture-specific sulfate phases with multicollector-inductively coupled plasma-mass spectrometry (MC-ICP-MS). The sedimentological setting, ore paragenesis, sulfur isotope systematics, and porosity structure of these porous precipitates constrain the site of their formation to above Pyrite that precipitated at the vent sites exhibits large sulfur isotope fractionation (>50‰), which indicates a close association between the vents and sulfate-reducing microbiota. In the subsurface, base metal sulfides precipitated from sulfide formed during the reduction of early diagenetic barite, also ultimately derived from seawater. This model suggests dynamic bottom-water redox conditions at the vent site driven by the interplay between sulfate-reducing organisms and metalliferous fluid effluence.
INTRODUCTION
Stratabound iron sulfides containing economically significant concentrations of base metals, commonly lead and zinc, constitute an important type of Mesoproterozoic metal deposit in sedimentary rocks. Models for their formation invoke metalliferous hydrothermal fluids venting into seawater or debouching into shallow sedimentary pore fluids and precipitating iron sulfides along stratiform horizons (Goodfellow et al., 1993; Large et al., 2005; Leach et al., 2010; Lydon, 1996; Russell et al., 1981) . The preponderance of such deposits in Mesoproterozoic strata has been linked to increasing marine sulfate concentrations following the rise of atmospheric oxygen Leach et al., 2010; Lydon, 1996; Lyons et al., 2006) . Stratabound copper deposits are also tied to the Proterozoic oxygenation of Earth's surface (Hitzman et al., 2010) . Curiously, despite their apparent synsedimentary or early diagenetic origins, many of these deposits lack obvious geological evidence for exhalative vents, such as a stockwork feeder zone or hydrothermal edifices (Large et al., 2005; Leach et al., 2005; Sangster, 2002) , which could inform the chemistry of the hydrothermal fluids and seawater.
In this paper, we describe unusual structures composed of millimeter-scale tube-like features in the lower Mesoproterozoic Belt Supergroup at the site of the sediment-hosted Black Butte Copper Mine Project deposit, Helena Embayment, Montana (Fig. 1) . Graham et al. (2012) first described the tube-shaped features, which they termed "net-textured pyrite," as decimeter-scale lenses and beds characterized by millimeter-scale ovoid pores bound by a network of fine-grained pyrite. These features represent three-dimensional connected networks, and here we refer to them as pyrite-walled tube structures. Amalgamations of the pyrite walls are overgrown by crystalline and euhedral pyrite and enclose tube-shaped spaces often filled by quartz, barite, or dolomite (Fig. 2) .
Laminated pyrite around the Black Butte Copper Mine Project deposit is often crinkly and was therefore interpreted to represent mineralized microbial mats (Lyons et al., 2006; Schieber, 1989c Schieber, , 1990 . Pyrite interpreted to preserve microbial textures is also found associated with other sediment-hosted base metal deposits in Australia (Dunster, 1997; Ireland et al., 2004; McGoldrick, , 1999 Oehler and Logan, 1977; Rohrlach et al., 1998) . Tube structures at Black Butte are closely associated with crinkly pyrite and therefore might represent a novel morphology of a permineralized microbial community (McGoldrick and Zieg, 2004) . However, close spatial association with microbial communities does not by itself provide evidence that the tube structures were built biologically (e.g., Grotzinger and Knoll, 1999) . While intermittently present near the Black Butte Copper Mine Project deposit, porous pyrite structures have, to the best of our knowledge, only rarely been described in other sedimenthosted deposits. The Paleoproterozoic Walford Creek deposit includes millimeter-scale "openframework" pyrite interpreted as microbialites (Rohrlach et al., 1998) ; the Mesoproterozoic Gaobanhe deposit contains centimeter-to decimeter-scale pyrite chimneys (Li and Kusky, 2007) ; and the Carboniferous Ballynoe deposit contains millimeter-scale "curtains and sheaves" associated with hydrothermal vent chimneys (Boyce et al., 1983; Larter et al., 1981; Russell et al., 1989) . More frequently, at least in Phanerozoic deposits, recognition of hydrothermal vent structures hinges on the occurrence of fossilized worm (animal) tubes (Banks, 1985; Boyce et al., 2003; Campbell et al., 2002; Moore et al., 1986) , and these are often found in deposits hosted in volcanic rather than sedimentary rocks (Haymon et al., 1984; Little et al., 1997 Little et al., , 1998 Little et al., , 1999a Little et al., , 1999b . However, if formed biologically, millimeter-scale structures in Mesoproterozoic rocks would necessarily indicate a novel mode of bioconstruction, and therefore assumptions about their genesis should be examined.
Based on physical, mineralogical, and isotopic analyses at the outcrop, drill core, and microscopic scale, we argue that the Black Butte tube structures represent local sites of hydrothermal fluid effluence to the seafloor in the Helena Embayment. This, in turn, suggests that the tube structures reflect syngenetic mineralization at the site of hydrothermal fluid venting and, thus, record paleoenvironmental information about the Belt Basin seawater and hydrothermal system. While isotopic data indicate that microbial sulfate reduction was an important source of sulfide for early pyrite deposition at Black Butte, this does not require that the tubes were accreted biologically; they could, as well, indicate abiotic precipitates colonized by bacterial communities.
GEOLOGIC SETTING
The Black Butte zinc-poor, copper-cobaltrich sediment-hosted deposit occurs in the lower Newland Formation within the northern Helena Embayment, a syndepositional graben extending eastward from the center of the Mesoproterozoic lower Belt-Purcell Basin (Fig. 1A) . The Newland Formation overlies the Neihart and Chamberlain Formations (Fig. 1B) ; the latter represent a fluvial/eolian sand blanket and supra-wave-base silty carbonaceous shale, respectively (Godlewski and Zieg, 1984; Schieber, 1989b; Winston and Link, 1993; Zieg, 1986; Zieg et al., 2013) . The Neihart Formation is a coarse to very coarse, mature, hematitic quartz arenite with increasing very fine micaceous sand and silty shale as it grades into the overlying Chamberlain Formation (Schieber, 1989b) . Correlation of the Newland Formation to the Prichard Formation to the northwest indicates a depositional age of ca. 1470 Ma (Aleinikoff et al., 2015; Graham et al., 2012; Sears et al., 1998) . The lower Newland Formation marks rapid deepening associated with graben formation and consists of sub-wave-base laminated calcareous to dolomitic shale with intercalated conglomeratic debris flows and turbiditic sandstones. The upper Newland Formation and overlying lowermost Greyson Formation comprise two sub-wave-base carbonate-to-siliciclastic cycles. The Greyson Formation features relatively shallower, sub-and supra-storm-wave-base siltstones (Zieg, 1986) .
In Late Cretaceous time, the south-dipping reverse Volcano Valley fault truncated pre-midCambrian south-dipping (possibly Mesoproterozoic and/or synsedimentary) normal faults (Fig. 1C) . Reverse faulting duplicated the lower Newland Formation in the Black Butte area and thrust lower Newland rocks over unconformably overlying mid-Cambrian rocks (Graham et al., 2012; Zieg et al., 2013) . The Black Butte Copper deposit includes multiple stratabound sulfide zones in the Newland Formation, five of which are enriched in Cu, Co, and Ag. Three are economically important (Fig. 1C) . Two, the upper sulfide zone and middle sulfide zone, occur in the hanging wall of the Volcano Valley fault. The third, the lower sulfide zone, is found in both the footwall and hanging wall of the Volcano Valley fault, is resource quality in the footwall, and is bounded on the north by one of the south-dipping normal faults, called the Buttress fault (Graham et al., 2012) .
MATERIALS AND METHODS
Samples were collected from both outcrop and four subsurface cores previously drilled and stored in the Black Butte area by Tintina Resources, Inc., White Sulphur Springs, Montana (Fig. 1C) . Mineralogical and textural characterization of pyrite-walled tube structures was accomplished by reflected light petrography of 15 thin sections, binocular microscopy of 27 drillcore segments, and centimeter-scale logging of a 6-m-long core segment. Qualitative elemental compositions and compositional contrasts were validated with electron dispersion spectroscopy and backscatter electron microscopy using a ZEISS 1550VP field emission scanning electron microscope (SEM) at the Caltech Geological and Planetary Sciences Division Analytical Facility, Pasadena, California, and with synchrotronbased X-ray fluorescence and absorption nearedge spectroscopy (Slotznick et al., 2015) .
Three-dimensional morphology, porosity, density, and connectivity of the tube structures were determined using micro-computed tomography (micro-CT), a nondestructive, micron-scale, three-dimensional imaging method. Scanning was completed using an Xray tube tomography system with a tungsten X-ray source (X-TEK HMX-ST 225, Nikon Metrology) at the Center for Nanoscale Systems at Harvard University, Cambridge, Massachusetts. The scans were completed at 115-190 kV source voltage, 42-135 µA source current, 0.1-2.0 mm copper filter, and 1-2 s integration time, with ~2100-3200 frames acquired over 360°, and ~2 h scan time per sample. Threedimensional reconstructions were generated using CTPro (Metris) and VGStudio Max 2.0 (Volume Graphics). We identified internal volumes (hypothesized pores) from the reconstructions by using density differences with the surrounding material (Supplemental Fig. DR1   1 ). We used an edge-preserving, curvature-driven algorithm in Avizo Fire 8.1 (FEI) to filter potential pore networks, an interactive thresholding process that characterized potential pores' sizes and orientations; pores were separated and given unique labels. Length, width, aspect ratio, volume, and orientation data were then extracted for all pores using Avizo Fire. Pore orientation data were analyzed with the RFOC Spherical Statistics and R Stats packages (Lees, 2014; R Core Team, 2015) .
Two Black Butte samples were scanned: (1) sample B1, an upper sulfide zone sample with pyrite walls and open pores from drillcore SC11-029-56.5 m (Fig. 2C) ; and (2) sample B3, a silica-replaced outcrop sample from 46°46.368′N, 110°52.843′W above upper sulfide zone gossan ( Fig. 2A) .
In addition, three samples from potential modern analogs were analyzed: (1) Bradley, 2008; Bradley et al., 2009; Kelley et al., 2005) . The Mothra vent field is a high-temperature hydrothermal complex of steep-spired pyrite and sulfate chimneys in the axial trench of the Juan de Fuca Ridge, and the Hot Harold sample (M1) comes from an active, fault-controlled vent that is younger than the last eruptive basaltic dike emplacement on the ridge (10 2 -10 3 yr; Glickson et al., 2007; Kelley et al., 2001a; Lin et al., 2016) . The Lost City Hydrothermal Field (samples LCL and LCM) is a long-lived (10 5 yr), lower-temperature hydrothermal system driven by exothermic serpentinization reactions of peridotite exposed by detachment faulting in the Atlantis Fracture Zone, off-axis of the slow-spreading Mid-Atlantic Ridge (Früh-Green et al., 2003; Kelley et al., 2001b Kelley et al., , 2005 Ludwig et al., 2006) .
Sulfide-sulfur isotopic compositions of pyrite and chalcopyrite were determined on two thin sections (SC11-029-56.42 m and SC11-095-389.22 m) by secondary ion mass spectrometry (SIMS) on a Cameca 7f-Geo at the Caltech Microanalysis Center. One inch (2.5 cm) round polished thin sections (25 µm thick) were prepared from sections of drill core (Supplemental Fig. DR2 [see footnote 1]) and examined with a polarizing reflected light microscope, backscatter electron microscopy, and energy dispersive electron spectroscopy to understand the microtexture of the pyrite-walled tube structures and to select analysis sites for in situ sulfide-sulfur isotope measurements. Measured ratios were converted to the ViennaCanyon Diablo Troilite (V-CDT) isotopic reference scale by bracketing blocks of ~16 analyses with sets of 4 analyses of an in-house pyrite standard mounted and polished in the thick section Johnson et al., 2013) . Ablation pits in pyrite and chalcopyrite were accurately determined relative to the pyrite standard. Reproducibility of 34 S/ 32 S of the in-house pyrite standard was typically 0.3‰-0.7‰ (2s standard error [s.e.]) for each block. Galena was analyzed precisely, but we did not embed an inhouse galena standard in the thin sections, so the accuracy of the measurements was subject to matrix effect biases (Kozdon et al., 2010) .
Texture-specific sulfate-sulfur isotopic compositions of barite and carbonate-associated sulfate (CAS; e.g., Burdett et al., 1989) in dolomite were determined on microdrilled powders from polished drill-core slabs from all three sulfide zones. Ten milligrams of silty dolomite or 50-300 µg of barite were precleaned by sonicating for 4 h in a 10% (w/w) NaCl solution and then rinsing three times in Milli-Q water (Millipore), centrifuging, and removing the supernatant between each step (Present et al., 2015) . Carbonates were dissolved in 0.5 N trace-metal pure HCl (Seastar Baseline), and barites were dissolved by exchange with a concentrated NaCO 3 solution (Breit et al., 1985) . Sulfate was purified from other ions with a Biorad AG-1-X8 anionic exchange resin before analysis in duplicate as aqueous sulfate by multicollector-inductively coupled plasma-mass spectrometry (MC-ICP-MS) on a Thermo Finnegan Neptune Plus at Caltech (Paris et al., 2013 (Paris et al., , 2014 . Analysis by this method requires matrix-matching samples to an in-house Na 2 SO 4 bracketing standard. To do this, an appropriate amount of NaOH solution was added to samples; their sizes were determined to be 5-300 nmol of sulfate by ion chromatography with a Dionex ICS-2000 on an AS-19 column using 20 mM KOH eluent at the Caltech Environmental Analysis Center. Due to instrument instability when these analyses were performed, precision of d 
TUBE LITHOLOGY, MORPHOLOGY, AND TEXTURE

Lithofacies
Pyrite-walled tube structures and associated sediments in the upper sulfide zone were logged at centimeter scale in core SC11-095 between 412.07 m and 406.07 m, where tube structures are abundant (Fig. 3) . Tube structures occur within the pyrite lithofacies, which are closely associated with laminated striped shale and breccia lithofacies (Graham et al., 2012) .
Pyrite Lithofacies
Tube structures occur within decimeter-thick intervals of mottled and porous fine-grained pyrite (Figs. 4A, 4B , and 4C). The fine-grained pyrite occurs as polyframboid aggregates (cf. Love, 1971) , or as clotted pyrite in a barite or silt matrix. Aggregates consist of sub-millimeter spheroidal clusters of coalesced 5-25 µm pyrite grains (cf. type PD; Himes and Peterson, 1990) . Clots are larger clusters of pyrite aggregates, up to 1 mm in size, with irregular spheroidal or ovoid form, and dark color. These textures are often mingled with small irregular incipient tubes that grade up into well-developed tube structures (arrow in Fig. 4A ). In some cases, layers of fine-grained, crinkly laminated sulfide minerals enclose or are interbedded with tubebearing buildups (Figs. 4A and 4C). The crinkly laminated fabric is defined by: pyrite/chalcopyrite aggregates and clots; barite-filled irregular voids; and rare, millimeter-sized incipient tubes.
The best-expressed tube structures are up to 3 mm in diameter with irregular shape and finely crystalline sulfide walls ~100 µm thick (Fig. 2) . Sulfide walls often are discontinuous and have a preferential subvertical orientation (Figs. 2B, 2C, and 2E). The largest tubes cluster to form concentrations normal to bedding (Fig. 2F ). Coarser sulfides overgrow the walls. Chalcopyrite, dolomite, barite, and/or quartz often fill the tube structures and polygonal spaces between them; uncommonly residual porosity is preserved (Figs. 2C and 4C) . In outcrop, silica completely fills the tubes, and pyrite is no longer present (sample B3 and Figs. 2A and 2E) .
Centimeter-sized laths and veins of a latestage barite may pervasively overgrow pyrite lithofacies, especially where early diagenetic barite laths dominate interstratified shales (Graham et al., 2012) .
Laminated Striped Shale Lithofacies
Carbonaceous, thinly laminated quartz/ dolomite siltstone and very thinly bedded quartz silt to dolomite mud graded couplets ( Fig. 4D ) characterize this facies (Graham et al., 2012; Schieber, 1989a; Zieg, 1986) . Disseminated pyrite-including nodules similar to the clots and aggregates in the crinkly laminated pyrite-and irregular-shaped lenses of fine-grained pyrite are ubiquitous. Light-gray silty intervals containing 1-2 mm black mud chips form wavy beds up to 3 cm thick. Dolomite is finely crystalline, and some beds show recrystallization into nodules associated with minor fractures that are filled with siliciclastic mud. Laminae are planar to slightly wavy where compacted around nodules (Fig. 4D) ; their bases are either sharp or scoured. Wavy-bedded mudstone forms partings up to 3 cm thick.
Early diagenetic barite laths up to 1 cm long displace the laminated striped shale facies and tend to be concentrated within particular intervals. Compaction around laths and pyrite nodules deformed silt beds and disrupted finegrained pyrite lenses (Fig. 4E ).
Breccia Lithofacies
Both matrix-and clast-supported sedimentary breccias contain poorly sorted, angular granule-to cobble-sized clasts of the laminated striped shale and pyrite lithofacies ( Fig. 4F ; Supplemental Figs. DR4B, DR4D, and DR4F [see footnote 1]). The latter include pyritewalled tube structures, indicating that they formed prior to resedimentation. The matrix is variably composed of dolomite, silty shale, and fine-grained pyrite. The breccia lithofacies is often overlain by pyrite-walled tube structures (arrow in Fig. 4F ) in the pyrite lithofacies.
Three-Dimensional Morphology
The two Black Butte micro-CT reconstructions show broadly similar three-dimensional tube morphology featuring arcuate pores with rounded ends and a tendency to form centimeter-scale clusters. This is best illustrated by the subsurface sample that has minimal occlusion of tube porosity (sample B1; Figs The Lost City samples (LCL and LCM) show very similar three-dimensional anastomosing pore morphologies, including smoothwalled, arcuate pores with rounded terminations (Figs. 5B, 5E, and 5H; Supplemental Movies LCL and LCM [see footnote 1]). The Juan de Fuca sample (M1), featuring tubes formed by anhydrite walls, shows numerous laterally linked small pores that produce an overall porous texture, and fewer larger fluid-flow paths (Figs. 5C, 5F, and 5I; Supplemental Movie M1 [see footnote 1]). Reconstructions were challenging because the small pores are difficult to resolve individually, while larger fluid-flow paths are generally not fully enclosed within the sample. Although they are not well suited for the micro-CT porosity reconstruction method used here, we included these data.
Quantifiable characteristics of porosity include the length, width, aspect ratio, and orientation of individual pore spaces. We measured these characteristics for hundreds of pores in each sample, and the mean and standard deviation of quantifiable characteristics are reported in Table 1 . Visual analysis of reconstructed pore networks showed that tube structures have pore volumes equal to or greater than 0.05 mm 3 (e.g., Figs. 5G-5I). A comparison of pore characteristics indicated a similar range of pore sizes between the Black Butte structures and the modern chimney fluid-flow structures (Table 1 ). All had similar lengths (~2-3 mm) and widths (~1 mm), with mean dimensions indistinguishable within one standard deviation. The orientation of the pores was calculated by measuring the trend (Q) and plunge (F) of the long axes relative to arbitrary horizontal axes and a vertical axis. The samples that we analyzed exhibited predominantly subvertical pores that plunged steeply with respect to bedding. However, some pyrite-walled tube structures from other Black Butte samples appeared to be oriented more horizontally and may have been crushed or flattened (Graham et al., 2012) . 
Paragenesis
Paragenesis of pyrite-walled tube structures in the upper sulfide zone occurred in three main stages (Fig. 6A ). In the first stage, abundant disseminated fine-grained pyrite and pyrite nodules formed within surface sediments, and early diagenetic barite laths precipitated. Second, tube walls precipitated as constructional edifices at the sediment-water interface, possibly as a metastable sulfide, hydroxide, carbonate, or sulfate. Mottled pyrite and colloform pyrite soon replaced the original mineralogy of the tube structures. In some cases, euhedral marcasite overgrew the tube structures (Fig. 2D) . Third, these textures were infilled by massive barite. Dolomite and quartz occluded most remaining porosity and replaced the massive barite (Graham et al., 2012) . Barite, dolomite, quartz, and the earlier pyrite textures associated with tube structures were in turn overgrown or replaced by coarse pyrite and base metal minerals (Graham et al., 2012) . These textures are described in Table 2 and illustrated in Figure 7 .
Gangue mineralogy differs significantly among sulfide zones (Graham et al., 2012; Zieg et al., 2013) . In the upper sulfide zone, carbonate occurs as fine sediment in the laminated striped shale lithofacies ( Fig. 4D (Fig. 7G) , and as porosityoccluding subhedral crystals that fill the pyritewalled tube structures (Figs. 2B, 2C , 2F, 8B, and 8C); it is often rimmed by coarse irregular pyrite (Fig. 8B) . Quartz is also closely intergrown with the colloform pyrite (Figs. 8B and 8D ).
Sulfur Isotope Results
The sulfur isotopic composition of CAS and early diagenetic barite laths was determined in samples microdrilled from eight polished slabs Angle between the pore's axis and the z axis (i.e., plunge), between 0° and 90°. § Angle between the pore's axis and the x axis (i.e., azimuth), between 0° to 360°. # Uncertainties tabulated as one standard deviation.
from all three sulfide zones ( Fig. 4E ; Supplemental Fig. DR3 [see footnote 1] ). Silty dolomite dissolved for CAS sulfur isotopic analyses was collected from the tops of graded silt-tocarbonate couplets from the laminated striped shale facies, and from silty dolomite clasts in the breccia facies. Barite and CAS sulfate isotopic compositions and concentrations (for CAS) are reported in Table 3 .
Barite samples have a d Sulfur isotopic measurements of the 10-µm-wide ablation pits in sulfide minerals are illustrated in Figure 8 and Supplemental Figure DR4 (see footnote 1). All data are tabulated in Appendix 1 (see footnote 1) and summarized in Table 4 .
In situ sulfur isotope data from the tube structures and diagenetic pyrite nodules generally coincide with Newland Formation pyrite data reported previously ( Fig. 6D ; Lyons et al., 1993 Lyons et al., , 2000 Strauss and Schieber, 1990; Zieg and Leitch, 1998) . Pyrite nodules have a mode of ~-5‰ V-CDT, with data right-skewed to values as high as 19‰ V-CDT (Fig. 6E) . Mottled pyrite has a d 34 S mode of ~1‰ V-CDT, and the data are right-skewed to values as high as 45‰ V-CDT (Fig. 6F) . Colloform pyrite has a mode of ~10‰ and is right-skewed to a value of 34‰ V-CDT (Fig. 6G) . Coarse irregular pyrite and coarse euhedral pyrite each have a mode of ~6‰ V-CDT and symmetrically distributed values (Figs. 6H and 6I ). Chalcopyrite grains were only large enough to measure in five locations, but they have a mean composition of 3.9‰ V-CDT (Fig. 6J) .
DISCUSSION
Sulfur Biogeochemistry During Deposition of the Newland Formation
The presence of broken pyrite-walled tube structures as intraclasts in the breccia facies indicates that they formed in shallow sediments or above the sediment-water interface (Figs. 2D  and 8A ). They are also closely associated with crinkly laminated pyrite (Figs. 4A and 4C ), which has been previously interpreted as a pre- (Graham et al., 2012; Himes and Peterson, 1990; Schieber, 1989c; Strauss and Schieber, 1990; White et al., 2013) .
Nodular pyrite (Pn) Ovoid porous masses, up to 1 mm in diameter, of disseminated pyrite crystallites coalesced and/or encrusted by later euhedral pyrite (Graham et al., 2012; Himes and Peterson, 1990; Strauss and Schieber, 1990) .
Colloform pyrite (Pc) Botryoidal and isopachous fine-grained pyrite layers up to 5 µm thick; accreted both towards the interior of tube structures and away from the exterior tube wall surfaces into polygonal void spaces; often intergrown with quartz.
Mottled pyrite (Pm) Clusters of anhedral to euhedral pyrite grains up to 25 µm in diameter (cf. type PB of Himes and Peterson, 1990) that are overgrown by brighter coarsely crystalline pyrite; abundant small (<2 µm) pores and inclusions of other sulfide minerals; intergrown with colloform pyrite; referred to as "spongy pyrite" by Graham et al. (2012) .
Marcasite (Marc) Coarse euhedral grains, often bladed, up to 40 µm long.
Coarse, irregular pyrite (Pi)
Bright, uniform, anhedral pyrite with embayed margins and numerous small (<2 µm) inclusions of galena, chalcopyrite, and tennantite; overgrows earlier pyrite stages by following colloform topography, fills crosscutting veins up to 10 µm wide, and rims quartz filling tube structures.
Coarse, euhedral pyrite (Pe)
Bright, uniform, subhedral to euhedral continuous overgrowth on coarse irregular pyrite; dominant sulfide occluding tube structure porosity; commonly contains exsolved anhedral blebs of chalcopyrite and galena.
Chalcopyrite (Cpy) and galena (Gal)
Porosity-occluding anhedral crystals; blebs up to 20 µm in diameter exsolved from coarse euhedral pyrite; smaller (<10 µm) anhedral grains replacing mottled and colloform pyrite.
Covellite (Cov) Porosity-occluding anhedral crystals; chains of anhedral grains replacing chalcopyrite associated with colloform pyrite.
Tennantite (Tnt) Porosity-occluding anhedral crystals.
served microbial mat texture at Black Butte (Lyons et al., 2006; Schieber, 1989c Schieber, , 1990 . During deposition of the Newland Formation, deep water in the Black Butte area of the Helena Embayment was anoxic but contained sulfate (Planavsky et al., 2011; Slotznick et al., 2015) . Sulfur isotope studies of disseminated and framboidal sedimentary sulfides (Figs. 6D and 6E ) suggest that sulfate from the ocean fed microbial sulfate-reducing communities in shallow sediments (Lyons et al., 1993 (Lyons et al., , 2000 Strauss and Schieber, 1990) . The isotopic composition of CAS and early diagenetic barite constrains the isotopic composition of seawater sulfate. In modern carbonates, CAS provides an accurate proxy for the isotopic composition of contemporaneous seawater sulfate (Burdett et al., 1989; Kampschulte et al., 2001; Lyons et al., 2004) ; however, for older strata, the fidelity of this archive is less certain (Present et al., 2015) . Our data generally overlap with a compilation of previously published barite and CAS data for the Helena Embayment rocks (Figs. 6B and 6C; Gellatly and Lyons, 2005; Strauss, 1993; Strauss and Schieber, 1990; Zieg and Leitch, 1998) . It is common in organic-rich marine sediments for sulfate reduction in sediment pore fluids to exceed the rate that sulfate can diffuse from seawater into the sediments; this leads to closed-system behavior during the kinetic fractionation of sulfate, and it enriches the residual pore-fluid sulfate in 34 S (Jørgensen, 1979) . This behavior appears to be present in our sulfate d 34 S data. This interpretation is reinforced by the observation that the barite is generally higher in d 34 S relative to CAS by ~4‰ in samples where both barite and CAS were measured ( Fig. 4E ; Supplemental Fig. DR3 [see footnote 1] ). Based on petrographic textures (Fig. 4E) , diagenetic barite precipitated below the sediment-water interface from sulfate more likely to be diagenetically Present et al., 2015; Rennie and Turchyn, 2014) .
Taking the isotopic data in the context of petrographic fabric, the maximum d 34 S composition of contemporaneous seawater sulfate is approximated by the lowest CAS d 34 S measurements, between 10‰ and 12‰ V-CDT. The lightest CAS measurements were consistently observed within dolomite debris-flow clasts transported from outside the area of active sulfide mineralization, where closed-system sulfate reduction would be minimized due to less fixation by iron or less reduction by organic carbon (Jørgensen, 1979 ). An inferred seawater sulfate composition of 10‰-12‰ V-CDT is lighter than previously suggested on the basis of Newland Formation barites (Strauss, 1993; Strauss and Schieber, 1990; Zieg and Leitch, 1998 ), but it is comparable to previously reported CAS from the Newland Formation and other Mesoproterozoic successions (Gellatly and Lyons, 2005; Guo et al., 2015; Kah et al., 2004) .
What we interpret as the paragenetically earliest pyrite (nodules in SC11-029-389.22 m; (Fig. 6E) , comparable to kinetic fractionations associated with microbial sulfate reduction in an open system (Jørgensen, 1979) . These data are generally lighter than in situ sulfur isotope data from Archean (i.e., before oxygenation of Earth's surface and therefore lower marine sulfate concentrations) diagenetic pyrite nodules, and they lack the isotopic zonation from core to rim that may have suggested more sulfate-limiting porefluid conditions during nodule growth Gregory et al., 2015; Johnson et al., 2013; Kamber and Whitehouse, 2007; MarinCarbonne et al., 2014) . A broad range of isotopic compositions of early pyrite in the Helena Embayment was observed by Lyons et al. (2000) and Luepke and Lyons (2001) (Fig. 6D) , who further noted large, systematic stratigraphic trends interpreted as basin-scale reservoir effects on the composition of pyrite. In contrast, Strauss and Schieber (1990) identified two phases in disseminated pyrite: a low d 34 S early diagenetic pyrite and a higher d 34 S coarsely crystalline concretionary overgrowth. They attributed the variability in pyrite compositions to changes in the diffusive supply of sulfate to the sediments, where heavier isotopic compositions reflected a more closed system (Jørgensen, 1979) . With in situ measurements, we observed a pattern similar to that reported by Strauss and Schieber (1990) , especially in SC11-029-389.22 m Site 5 (Supplemental Fig. DR4F [see footnote 1] ). Early diagenetic nodules were found to be generally lighter than coarser pyrite overgrowths, consistent with minimal sulfate limitation during early pore-fluid sulfate reduction and pyrite nodule growth. It is therefore likely that the pyrite nodules precipitated shallower in the sediments than the barite rosettes and coarse pyrite overgrowths, which show d 34 S enrichment suggesting pore-fluid sulfur isotope reservoir effects. Barium was likely supplied by the remineralization of organic matter in the sediments, and it was concentrated along diagenetic fronts at the base of the sulfate reduction zone (Torres et al., 1996) .
Estimates for the concentration of sulfate in marine waters during the Mesoproterozoic range from <0.1 mM to 4.5 mM and may have been globally variable Kah et al., 2004; Luo et al., 2015; Sperling et al., 2014) . The lowest estimates are based on observations of small isotopic differences (<10‰) between contemporaneous sulfate and sulfide Luo et al., 2015) , and are precluded in the Helena Embayment by our data (Figs. 6B-6E ) and other published data. In modern environments, Algeo et al. (2015) and Canfield et al. (2010) empirically identified a correlation between observed sulfur isotope fractionation and sulfate concentrations. If this relationship holds in the Mesoproterozoic, then the sulfur isotopic depletion we observed in the pyrite nodules-about 10‰-30‰ lighter than the d 34 S of contemporaneous seawater sulfate-correlates to 2-6 mM sulfate concentrations (with a mode of 3 mM) in the Helena Embayment during deposition of the Newland Formation . This estimate is a conservative estimate of the minimum sulfate concentration, given the interpretation that seawater is represented by the lowest CAS d 34 S measurement and assuming that the pyrite nodules formed contemporaneously with the CAS. No galena standard was used, so accuracy is unknown (but precision is reliable).
Precipitation of Tube Structures
While the pyrite-walled tube structures are interbedded with crinkly laminated pyrite and debris flows, intergrowth of mottled pyrite with colloform pyrite and quartz (Figs. 8B and 8D) suggests that, at least in some cases, they were closely associated with the early stages of base metal mineralization. We interpret that the tube structures formed at sites of hydrothermal fluid effluence to the seafloor (Fig. 9) .
Fluid inclusion data indicate a moderate salinity (1.1-3.5 mol/kg) and a homogenization temperature of less than 250 °C for Black Butte hydrothermal fluids (Himes and Peterson, 1990) ; under these conditions, expelled fluids, upon mixing with cold seawater, would have acted as a brine denser than seawater (Himes and Peterson, 1990; Sangster, 2002) . This would diminish the buoyancy of the expelled fluid relative to seawater, so precipitation and accretion patterns would resemble those at lowvelocity modern diffuse vents (Hannington et al., 1995) .
At diffuse hydrothermal vents, both biologic and inorganic processes contribute to the formation of tube-shaped structures. One possible biologic process would involve preservation of macroscopic organisms as a cast or mold. Preservation of macroscopic organisms (such as worm tubes) with broadly comparable size and porosity may have created similar structures in Phanerozoic deposits (e.g., Banks, 1985; Campbell et al., 2002; Haymon et al., 1984; Little et al., 1999a Little et al., , 1999b Moore et al., 1986) , but there are few definitive examples of macroscopic organisms in Proterozoic strata and no known organisms that provide unambiguous analogs for tube formation. Although problematic macrofossils (Grypania and Horodyskia) have been described in shallower paleoenvironments in the Helena Embayment and other contemporaneous successions (Fedonkin and Yochelson, 2002; Kumar, 1995; Walter et al., 1990 ), these do not resemble known tube structures, and neither these nor any other Mesoproterozoic macrofossils have been described from the deep-slope, below-wave-base setting characteristic of Black Butte sedimentary rocks (Horodyski, 1993) .
Alternatively, the tube structures' close association with crinkly laminated pyrite might suggest that they are unique Mesoproterozoic microbialites formed by the sulfide permineralization of microbial communities (McGoldrick and Zieg, 2004) . Mineralization could have encrusted locally abundant mats or streamers of colonial or filamentous microorganisms, as is observed in cold seeps and alkaline springs (e.g., Arp et al., 1998; Barbieri and Cavalazzi, 2005; Cady et al., 2003; Fouke et al., 2000; Hofmann and Farmer, 2000; Reitner et al., 2005) . Biological accretion in this manner predicts a consistent three-dimensional form controlled by the morphology of microbial communities. Streamer fabrics are encapsulated in tube-shaped structures that have a near-constant diameter with a high aspect ratio controlled by the average colony size; aspect ratio and diameter have low variances. The strands are oriented roughly parallel to fluid flow or, in still water, under the influence of gravity (Cady et al., 2003; Hofmann and Farmer, 2000) . Most sedimentary environments show fluid flow parallel to the sediment-water interface, which predicts that tube structures would have a strong preferential pore orientation in the horizontal plane.
The Black Butte tube structures have irregular shapes (Figs. 2 and 5G) , not the consistent dimensions or repeating organization predicted by mineralization of macroscopic organisms. They do not have the high aspect ratio with low variance, low variance of tube width, and strong horizontal preferred orientation (Table 1) predicted by mineralization of filamentous microbial communities by analogy to modern microbial hydrothermal communities. Thus, the three-dimensional form of the millimeter-scale tube structures does not match known biologic hydrothermal morphologies. Encrustation of microbial material also predicts specific sulfide petrographic textures that are not observed in the Black Butte tube structures. Preservation of the microbial outline as a mold generally results from crystal precipitation toward a free aqueous surface (Jones et al., 2008; Li and Kusky, 2007; Shapiro and Fricke, 2002) . However, colloform pyrite in the ~100 mm walls of the tube structures propagates away from both sides of the tube structures' walls (Figs. 8B and 8C), indicating a free surface on either side of the mottled pyrite. Perhaps organic material defining a millimeter-scale community structure was removed prior to colloform pyrite mineralization, but intergrowth of mottled and colloform pyrite (Fig. 8C ) suggests that this is not the simplest option.
Abiotic mineralization at diffuse hydrothermal vents creates textures and structures similar to those found at Black Butte. Precipitation of early hydrothermal minerals governs fluid flow and controls redox and temperature gradients between hydrothermal fluids and seawater (Hannington et al., 1995; Tivey, 2007) . The fluid conduits in these buildups have an internal architecture characterized by networks of millimeterscale tortuous conduits similar to the Black Butte tube structures (Gamo et al., 1991; Kelley et al., 2001b; Koski et al., 1994; Ludwig et al., 2006) . Tubes are highly variable in size and aspect ratio, with tube orientation generally in the direction of fluid flow, and often elongate normal to the sediment-water interface. Black Butte tube dimensions are similar to those in Lost City and Juan de Fuca networks, with mean dimensions for all samples within one standard deviation (Table 1 ; Haymon and Kastner, 1981; Kelley et al., 2001b) . Further, the subvertical fabric, variably ovoid aspect ratio, millimeter-scale tortuous porosity, and extensive cementation in tube structures are consistent with morphologies found at modern diffuse vent sites (Delaney et al., 1992; Koski et al., 1994; Ludwig et al., 2006; Okumura et al., 2016) .
By analogy to modern diffuse vent structures, mottled and colloform pyrite in the Black Butte tube structures probably replaced or precipitated on an unobserved earlier phase that defined the walls of the tube structures (Fig. 9A) . As ironrich hydrothermal fluid diffused through these walls and met sulfide in seawater, granular sulfides would have precipitated within the precursor ( Fig. 9B ; Haymon, 1983; Tivey, 1995) . The replaced initial tube walls were likely iron-sulfide colloids or poorly ordered minerals (Russell and Hall, 1997; Russell et al., 1989) , but various metastable phases (e.g., anhydrite, brucite, aragonite) commonly precipitate at deep vent sites and do not remain in the geologic record (Breier et al., 2010; Haymon and Kastner, 1981; Kelley et al., 2001b; Ludwig et al., 2006; Okumura et al., 2016) .
Overall, the texture and three-dimensional structure are difficult to explain as bioconstructions without hypothesizing a complicated and entirely new model for microbial communities. Nonetheless, the low and variable d 34 S composition of the mottled pyrite suggests microbial sulfate reduction contributed much of the sulfide. Mottled pyrite has an extremely variable sulfur isotopic composition (Interquartile Range [IQR] = 17.2‰; Table 4 ) over millimeter scales, with compositions as light as -20‰ V-CDT and as heavy at 45‰ V-CDT (Fig. 6F) . We suggest, then, that the three-dimensional features of the tube structures primarily reflect fluid flow, whereas sulfur geochemistry indicates that sulfate-reducing bacteria provided sulfide for the accreting structures. Colonization of vent structures is common at modern vents. For example, at the modern Lost City and Shinkai Seep hydrothermal deposits, microbial consortia colonize intricate tube-shaped, 100 µm to millimeter-scale pores in aragonitebrucite buildups (Kelley et al., 2005; Okumura et al., 2016) . There is evidence of encrustation of some filamentous micron-scale organisms. However, the dominant (>1 mm) porosity structure is governed by the diffuse fluid-flow regime (Kelley et al., 2005; Ludwig et al., 2006; Okumura et al., 2016; Schrenk et al., 2004) . The chemical gradients at the vent site, combined with a complicated porosity structure, allow microbial communities to take hold. It is not clear how extensive of a role the microbial community plays in nucleating minerals or modifying fluid flow to shape the large fluid conduits (Emerson and Moyer, 2002; Steen et al., 2016) . A chemoautotrophic community-in this case, microbial sulfate reducers-likely colonized vents and increased the redox gradient to allow metal deposition during the Mesoproterozoic at Black Butte (Fig. 9B) .
In some cases, coarse marcasite overgrows the mottled and colloform pyrite in the tube structures (Fig. 2D) . Marcasite is a metastable polymorph of pyrite that forms below about pH 4 (Murowchick and Barnes, 1986) , mostly likely from the oxidation of hydrogen sulfide on a colloidal precursor (Schoonen and Barnes, 1991) . Perhaps some vents had sulfide-oxidizing microbes colonizing the vent, allowing local lowering of pH in the microbial community and promoting marcasite deposition (Juniper et al., 1992; Schieber, 2011; White et al., 2013) . If so, the depositional basin of the Newland Formation was at least episodically and transiently oxic.
Despite its intergrowth with mottled pyrite, the sulfur isotopic composition of colloform pyrite is much less variable (IQR = 4.5‰), and it is heavier (Figs. 6F and 6G) ; the median value (9.2‰ V-CDT) is similar to the inferred composition of contemporaneous seawater sulfate. Colloform pyrite is also intimately associated with quartz (Figs. 8B, 8C, and 8D) , and it has an isotopic composition similar to later base metal minerals (Fig. 6G) . The colloform texture is associated with precipitation into open space at rates controlled by reactant supply (Anderson et al., 1998; Koski et al., 1994) , and its isotopic composition is consistent with quantitative reduction of seawater sulfate. If seawater in the Helena Embayment were completely reduced, the isotopic composition of the sulfide would match that of seawater sulfate, and microbial sulfate-reducing communities would be less active. Complete reduction of seawater sulfate at the vent site would favor pyrite precipitation governed by iron supply from the vent, producing the colloform texture (Fig. 9C) . Resupply of sulfate to the water column by mixing or diffusion into the deep basin would lead to a rejuvenation of the microbial sulfate-reducing community and renewed mottled pyrite deposition with variable isotopic composition.
Base Metal Mineralization
The mottled and colloform pyrite comprising the tube structures is overgrown by coarse pyrite, galena, and cupriferous minerals (Figs. 6A and 7), likely after burial of the structures (Graham et al., 2012; White et al., 2013) . Graham et al. (2012) suggested that later mineralizing fluids at Black Butte were hotter or more oxidizing, allowing replacement of barite and transport of copper. The isotopic compositions of irregular and euhedral coarse pyrite are slightly depleted from contemporaneous seawater sulfate (mean d 34 S = 6.1‰; Table 4 ). Our limited analyses of chalcopyrite (mean d 34 S = 3.9‰) are heavier than the mottled pyrite and lighter than seawater sulfate, and consistent with data reported by Zieg and Leitch (1998; -5 .1‰-7.1‰; Fig. 6J ). The coarse pyrite and base metal sulfides paragenetically follow the massive barite that fills the pyrite-walled tube structures, which is isotopically similar to the early diagenetic bladed barite ( Fig. 6B ; Gellatly and Lyons, 2005; Strauss, 1993; Strauss and Schieber, 1990; Zieg and Leitch, 1998) .
Other sediment-hosted sulfide deposits similarly display two sulfur sources: a light and variable source interpreted as a biogenic result of microbial sulfate reduction, and a heavier and more homogeneous source interpreted as leached from underlying rock units (Anderson et al., 1998; Blakeman et al., 2002; Eldridge et al., 1993; Ireland et al., 2004) . While sulfiderich fluids will easily transport barium, they should not transport significant copper unless they are hotter than ~250 °C (Cooke et al., 2000; Hitzman et al., 2010; Xiao et al., 1998) . Zieg and Leitch (1998) reported a vein chalcopyrite-pyrite equilibrium temperature of 276 °C. White et al. (2013) calculated lower deposition temperatures (<225 °C) from the equilibrium stability of more minor cobalt-, nickel-, and zinc-bearing minerals, although variability in the composition of some minerals may allow for temperatures up to ~300 °C. Therefore, if sulfidic, the hydrothermal fluids must have been between 250 °C and 300 °C, and deposition occurred by cooling to less than ~225 °C. However, such temperatures are close to the saturation of cupriferous minerals (Xiao et al., 1998) , predicting the formation of a significant mineralized feeder zone below sites of hydrothermal effluence (Cooke et al., 2000; Goodfellow et al., 1993; Large et al., 2005; Leach et al., 2005) , which is not well developed at Black Butte.
Instead, the presumed source for the base metals is the hematitic Neihart Formation (White et al., 2013; Zieg et al., 2013) , which would have buffered any sulfur in the hydrothermal fluids to a sulfate-rich speciation that could not transport barium. Like the earlier mottled and colloform pyrite, coarse pyrite and base metal sulfides would have deposited upon meeting a reservoir of sulfide produced by sulfate reduction (Fig. 9D) . However, the latter phases would have precipitated deeper in the hydrothermal system (Dixon and Davidson, 1996; Gadd et al., 2017; Ireland et al., 2004; Large et al., 1998) , where reduction of preexisting early diagenetic barite may have provided sulfide for the coarse pyrite and base metal sulfides. The sulfur isotopic composition of barite, coarse pyrite, and base metal sulfides is consistent with thermal reduction, which would have produced sulfide that was 10‰-20‰ lower in d 34 S than the barite (Figs. 6B, 6C , and 6H-6J; Johnson et al., 2004; Kelley et al., 2004; Powell and Macqueen, 1984) . Barium liberated from the reduction of early diagenetic barite would migrate up toward the base of the microbial sulfate-reduction zone, creating a barite front in the hydrothermal system, as observed in modern and Phanerozoic hydrothermal barite deposits (Eickmann et al., 2014; Johnson et al., 2009) . Addition of more sulfate migrating with the metalliferous fluids could also promote reprecipitation of barite, as observed in modern continental slope sediments (Feng and Roberts, 2011; Torres et al., 1996) . While the sulfur isotopic composition of sulfate migrating with the metalliferous fluids at Black Butte is unknown, future examination of the oxygen isotopic composition and high-precision measurement of all four stable sulfur isotopes may discern between these barite precipitation mechanisms (Feng and Roberts, 2011) .
The relative transport rates of metalliferous brines and sulfur over the life of a long-lived hydrothermal system may vary dramatically. Increasing temperatures at the trap site and temporally variable fluid circulation could remobilize and isotopically homogenize the sulfide minerals. Such remobilization of sulfides by later, hotter fluids was invoked by Graham et al. (2012) to explain the unusual occurrence of chalcopyrite inclusions in barite. Temporally variable transport of metals and sulfur results in variable redox conditions at the site of deposition, indicated by barite codepositing or alternating paragenetically with sulfides (Graham et al., 2012; Huston et al., 2007; Samson and Russell, 1987) .
SUMMARY AND CONCLUSIONS
Tube structures at the sediment-hosted Black Butte Copper Mine Project deposit are millimeter-scale porous networks of mottled and colloform pyrite that are overgrown by base metal sulfides. These structures precipitated at sites of diffuse hydrothermal venting by means of abiotic processes broadly similar to those observed in modern hydrothermal seeps, thereby documenting the direct interaction of hydrothermal fluids with seawater. We suggest that pyrite in tube walls represents syngenetic mineralization of tube-shaped fluid conduits, the shape of which was determined by low-buoyancy venting of the hydrothermal fluids. Mottled pyrite replaced an initial conduit composed of a metastable iron-sulfur colloid, carbonate, or hydroxide. During temporary periods of complete watercolumn sulfate reduction, colloform pyrite overgrew the tube structures. After burial, the tube structures were overgrown by coarse pyrite, base metal sulfides, barite, and quartz or dolomite.
The tube structures formed in environments that had extensive diagenetic pyrite and barite precipitation, ultimately derived from seawater that had concentrations of sulfate ~2-6 mM or greater. The isotopic compositions of these minerals were controlled by kinetic effects associated with microbial sulfate reduction in sediments that left residual sulfate isotopically The mineralogy and sulfur isotopic composition of the tube structures suggest that bottom waters in the Helena Embayment during deposition of the Newland Formation may have had quite variable redox conditions. Large sulfur isotopic variation of mottled pyrite suggests sulfate-rich seawater was being actively reduced under varying degrees of sulfate limitation. A more homogeneous composition for the intergrown colloform pyrite suggests that, occasionally, much of the bottom-water sulfate was reduced to sulfide. Finally, precipitation of marcasite, possible only under locally acidic conditions, suggests that some intervals were oxic, allowing sulfur-oxidizing communities to colonize the vents and seafloor. Base metal mineralization occurred deeper in the hydrothermal system, and deposition occurred by titration with sulfide derived from reductive remobilization of barite.
The recognition of diffuse hydrothermal vents in a sediment-hosted deposit provides a rare opportunity to examine the interactions among hydrothermal fluids, seawater, and benthic microbiota in Mesoproterozoic oceans. The close association with crinkly laminated pyrite suggests there may have been extensive microbial sulfate-reducing communities associated with vent sites. The particularly large sulfur isotopic range of mottled pyrite suggests, like in modern and fossilized diffuse vents, that the chimneys may have been colonized by sulfate reducers as well. It is unclear what role, besides providing sulfide to titrate the metals, the microbes played in modifying tube structure, fluid flow, or mineralogy. However, the dominant porosity structure of the tube structures reflects the diffuse effluence of buoyant fluids to the seafloor.
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